AbsTrACT
Objectives plasma creatinine is a predictor of survival in amyotrophic lateral sclerosis (aLs). It remains, however, to be established whether it can monitor disease progression and serve as surrogate endpoint in clinical trials. Methods We used clinical trial data from three cohorts of clinical trial participants in the LITRa, eMpOWeR and pROacT studies. Longitudinal associations between functional decline, muscle strength and survival with plasma creatinine were assessed. Results were translated to trial design in terms of sample size and power. results a total of 13 564 measurements were obtained for 1241 patients. The variability between patients in rate of decline was lower in plasma creatinine than in aLs functional rating scale-Revised (aLsFRs-R; p<0.001). The average rate of decline was faster in the aLsFRs-R, with less between-patient variability at baseline (p<0.001). plasma creatinine had strong longitudinal correlations with the aLsFRs-R (0.43 (0.39-0.46), p<0.001), muscle strength (0.55 (0.51-0.58), p<0.001) and overall mortality (hR 0.88 (0.86-0.91, p<0.001)). Using plasma creatinine as outcome could reduce the sample size in trials by 21.5% at 18 months. For trials up to 10 months, the aLsFRs-R required a lower sample size. Conclusions plasma creatinine is an inexpensive and easily accessible biomarker that exhibits less variability between patients with aLs over time and is predictive for the patient's functional status, muscle strength and mortality risk. plasma creatinine may, therefore, increase the power to detect treatment effects and could be incorporated in future aLs clinical trials as potential surrogate outcome.
INTrOduCTION
One of the challenging issues in the search for drug therapy in amyotrophic lateral sclerosis (ALS) is disease heterogeneity. The ALS functional rating scale-revised (ALSFRS-R) has become the standard to evaluate ALS disease progression. The ALSFRS-R is, however, a subjective instrument and insensitive to small alterations in disease progression. Moreover, patients with the same score may not represent the same severity of ALS, which may further inflate between-patient differences. [1] [2] [3] Biological markers, or biomarkers, are, therefore, of interest for ALS research and could potentially improve clinical trial design. Surrogate biomarkers for disease progression could detect treatment effects more objectively, potentially reducing follow-up durations and sample size. 4 Furthermore, not awaiting fatal endpoints such as death or tracheostomy-free survival would make trials more efficient. 5 Plasma creatinine is a breakdown product of creatine phosphate in muscles and is related to muscle mass. [6] [7] [8] [9] Although several studies have demonstrated reduced plasma creatinine levels in patients with ALS [10] [11] [12] [13] [14] and the prognostic value for survival 11 15-17 and functional decline at baseline, 9 18 19 a strong longitudinal evidence for a direct relationship with mortality, functional decline and muscle strength is still lacking. Moreover, it remains to be established whether plasma creatinine might be a good candidate to serve as surrogate endpoint in ALS clinical trials.
The aim of this study is, therefore, to determine the value of plasma creatinine, compared with other classical endpoints, in monitoring disease progression during clinical trials, in a large, well-defined cohort of trial participants.
MeThOds study population
Data for this study originated from three independent cohorts: the LITRA study, EMPOWER study and the PROACT database. The LITRA study was a randomised, placebo-controlled trial to study the efficacy of lithium carbonate on survival in ALS. Details regarding the study design, intervention and results have been reported elsewhere. 20 Neither survival nor ALSFRS-R showed a beneficial effect of lithium carbonate in patients with ALS. To validate our results, we obtained data from a second trial cohort who participated in the EMPOWER study. This was a large (n=942) international multicentre study to determine the efficacy of dexpramipexole. 21 Unfortunately, neither survival nor ALSFRS-R showed a beneficial effect of dexpramipexole in patients with ALS. A second validation cohort was obtained from the PRO-ACT database (version December 2015), which consists of 23 trials executed over the past 20 years. 15 The PRO-ACT database is Institutional Review Board approved, using solely anonymised data. Subjects within the database are not traceable; they consented to participate during the individual trials. The process of converting PRO-ACT data, so that it is suitable for analysis, is described in the online supplementary eMethods.
Clinical follow-up data were matched with laboratory and survival data. Plasma creatinine levels were time matched with an ALSFRS-R score. Ideally, the ALSFRS-R score was acquired on the same day. If no ALSFRS-R score was available on that day, the closest score within 15 days was taken; alternatively, the ALSFRS-R was recorded as missing. Only patients with at least two matched clinical and laboratory follow-up moments were included to accurately determine their mutual and individual relationship with disease progression. Missing data in baseline demographics, clinical characteristics and survival (defined as time to death from any cause) were manually extracted from the electronic hospital information system for the LITRA participants and were fully imputed. One patient with highly elevated plasma creatinine values due to renal disease was excluded from the analysis.
statistical analysis
The longitudinal relationships over time and between the ALSFRS-R total score and plasma creatinine level were analysed using linear mixed effect models (LMEs). Both the ALSFRS-R and plasma creatinine were standardised to make direct comparisons possible. A base model, containing a fixed effect of time and a random intercept per individual, was supplemented with a random slope for time to assess whether there are differences in the rate of decline between patients (as measure of disease heterogeneity or between-patient slope variability). To test whether the amount of slope variability was different for the ALSFRS-R and plasma creatinine, all outcome data were merged and an indicator variable (ALSFRS-R or creatinine) was created. An LME was fitted using the merged outcomes with a random slope for the indicator variable, random slope for time and random slope for the interaction between the indicator variable and time. The random interaction term in this merged model indicates whether the differences between patients in rate of decline are different for plasma creatinine and the ALSFRS-R. From the separate mixed models, we extracted the best-unbiased linear predictions (BLUP) of the rate of decline for the ALSFRS-R and plasma creatinine per individual. The relationships between the ALSFRS-R, plasma creatinine and survival were assessed within a joint modelling framework. 22 The joint models were fitted with a piecewise-constant baseline risk function for survival time. Independent predictors of survival were selected based on a stepwise backward approach using the likelihood ratio test (LR test). LMEs were fitted with maximum likelihood when comparisons were made between models. If variances, coefficients or BLUPs were determined, a restricted likelihood estimation was applied. Results were considered significant when the p value was lower than 0.05. Linear mixed models were fitted using the lmer function in the R package lme4 (version 1.1-12); CIs for the variances were estimated using the profile function. 23 Longitudinal sample size calculations were performed according to Edland (2009) with the lmmpower function. 24 Joint models were fitted using the R package JM (version 1.4-5).
22 resulTs study population A total of 13 564 ALSFRS-R and plasma creatinine measurements were obtained for 1241 patients; the cumulative follow-up time was 1292 years (table 1). Patients participating in the EMPOWER study were subdivided into two cohorts according to the original scale of plasma creatinine (μmol/L vs mg/dL, supplementary eFigure 1). In our sample, 44.7% (n=555) of the patients had a low plasma creatinine level at baseline (males below 74 μmol/L, and females below 56 μmol/L).
rate of decline and heterogeneity in disease progression between subjects
The ALSFRS-R total score and the plasma creatinine levels declined significantly over time in all cohorts (all p<0.001; LR test, figure 1 ). The SD of the rate of decline between patients was lower for plasma creatinine (0.04 (CI: 0.04 to 0.05)) than for the ALSFRS-R (0.10 (CI: 0.09 to 0.10)) (p<0.001), indicating more between-patient variability in rates of decline in ALSFRS-R scores. The average rate of decline was, however, faster in the ALSFRS-R, with less between-patient variability at baseline (p<0.001). These findings were identical among cohorts (see online supplementary eTable 1). Patients with a high rate of decline on ALSFRS-R had a high rate of decline in plasma creatinine (Spearman r=0.47 (CI: 0.42 to 0.53), p<0.001). (11) 61 (13) 61 (13) Bulbar onset 74 (9) 71 (14) 74 (16) 69 (13) Spinal onset 74 (15) 69 (16) 71 (17) 68 (16) Number of follow-up measurements 5 (2) 11 ( 
Plasma creatinine, muscle strength and slow vital capacity in eMPOWer
During a 12-month period, there was an approximate linear relationship between the mean level of plasma creatinine and the mean muscle strength, with an overall longitudinal correlation of 0.55 (CI: 0.51 to 0.58, p<0.001; LR test, figure 2 ). Interestingly, for the first 2 months in the μmol/L group, there is a relatively stable mean level of plasma creatinine, while muscle strength is deteriorating. This effect is, however, not seen in the mg/dL group. Neither in the PRO-ACT data nor in the LITRA study is a plateau phase identified, indicating that the μmol/L group may show a possible measurement error (ie, difference between fasted or non-fasted blood draw during enrolment).
The longitudinal correlation between slow vital capacity and plasma creatinine was considerably lower (0.32 (CI: 0.28 to 0.36), p<0.001; LR test).
longitudinal relationship mortality, plasma creatinine level and AlsFrs-r total score
Overall, mortality at 18 months after inclusion was 26.8% (CI: 21.4% to 31.9%). Baseline ΔFRS, 25 plasma creatinine, vital capacity, age, gender and site of onset were independent predictors of survival and were adjusted for in subsequent models (see online supplementary eTable 2). The adjusted HR Figure 1 Longitudinal decline in aLsFRs-R total score and plasma creatinine level. Matched longitudinal aLsFRs-R and laboratory data from 50 patients in the LITRa study, 936 patients in the eMpOWeR study and 255 patients in the pROacT database. The red solid line is the mean rate of decline over time.
Both the aLsFRs-R and plasma creatinine declined significantly over time (all p<0.001; LR test). The red shaded area is 1 sD around the mean rate of decline and represents the variability between patients over time. Note the severe funnelling out in aLsFRs-R total scores and the more homogenous pattern of decline in plasma creatinine, best seen in the eMpOWeR and pROacT cohorts. aLsFRs-R, amyotrophic lateral sclerosis functional rating scale-revised; LR test, likelihood ratio test.
Figure 2
Longitudinal relationship between muscle strength and plasma creatinine during a 12-month follow-up period. Mean values with bootstrapped 95% cIs are given for plasma creatinine and muscle strength at bimonthly follow-up moments for the first 12 months in the eMpOWeR study.
of having a low plasma creatinine at baseline was 1.56 (CI: 1.20 to 2.03). Both the longitudinal ALSFRS-R total score and plasma creatinine level strongly affected the risk of mortality (table 2) . The site of symptom onset did not affect the risk of mortality for either the ALSFRS-R total score or for the plasma creatinine level (p=0.21 and p=0.92, respectively; LR test). On the other hand, a rise in plasma creatinine levels affected the risk of mortality during follow-up more strongly in females than in males (p=0.005; LR test). Figure 3 shows how sample size is affected if either the ALSFRS-R or plasma creatinine is taken as primary outcome. For short trials (up to 10 months), the smaller variability between patients at baseline and relatively faster average rate of decline of the ALSFRS-R (figure 1) resulted in a smaller sample size. For trials longer than 11 months, the lower variability between patients in rate of decline in plasma creatinine positively affected the sample size. At 18 months, the sample size is 21.5% smaller when using plasma creatinine as outcome rather than the ALSFRS-R (n=153 vs n=195, figure 3A) . Changing the study design to bimonthly visits resulted in small increases in sample size for the ALSFRS-R, while for plasma creatinine, this change considerably affected the sample size due to the higher intrapatient variability (see online supplementary eTable 1). Figure 3B shows how sample size is inflated when using mg/dL due to reduced precision (see online supplementary eFigure 1). Although plasma creatinine is capable of measuring disease progression in both spinal and bulbar-onset patients, the utility of plasma creatinine seems higher for spinal-onset patients ( figure 3C and D) .
Trial design using plasma creatinine

dIsCussION
Our results fill an important gap in the literature regarding the value of plasma creatinine for monitoring ALS disease progression during clinical trials. Heterogeneity in the rate of decline between patients negatively influences the power to detect treatment effects. We show that there is considerably less between-patient variability in rates of decline of plasma creatinine than of the ALSFRS-R. This is a significant result because it directly affects the power to detect treatment effects during clinical trials. As shown in figure 3A , even though the ALSFRS-R has, on average, a faster rate of decline, with less variability at baseline, when the follow-up duration exceeds 10 months, plasma creatinine requires fewer patients, or is able to detect a smaller treatment effect, with an identical sample size compared with the ALSFRS-R. Our results show that the patients' current level of plasma creatinine correlates with the risk of death and indicate a strong longitudinal relationship between mortality and plasma creatinine loss. Previous studies have shown that the baseline measurement of plasma creatinine is a strong predictor of survival. 11 15-17 The reported HRs vary between studies (ranging from 1.2 to 1.5), but consistently show an increased risk of death if levels of plasma creatinine are low; this is in line with our results (low baseline plasma creatinine HR 1.56 (CI: 1.20 to 2.03)). However, as plasma creatinine levels change over time and a fixed level from baseline cannot be assumed, our longitudinal assessment appears to be more relevant for determining the direct relationship between the risk of dying and creatinine loss.
Heterogeneity in rates of decline is inevitable in ALS due to its divergent prognosis. However, the increased between-patient variability in rate of decline of the ALSFRS-R could be due to the internal construction of the ALSFRS-R score: as patients with the same score may not represent the same severity of ALS, this may influence the rate of decline. 1 3 Our analysis of the subgroups supports this hypothesis, revealing that separating the motor and bulbar subdomains from the total score, between-patient variability in rates of decline can be reduced, although between-patient variability remains higher than in plasma creatinine. Plasma creatinine level is most likely related to muscle mass; it could, therefore, be seen as marker of affected muscle mass and may thus better approximate ALS disease severity than the ALSFRS-R, potentially reducing the heterogeneity in rates of decline. [6] [7] [8] [9] Our results show that muscle strength and plasma creatinine levels are strongly correlated, and underscore the potential relationships between muscle mass, muscle strength and plasma creatinine levels. Because the patients' overall muscle strength is well correlated with disease progression, 26 plasma creatinine may provide additional information or reduce the number of tested muscle groups and potentially reduce the patients' burden when participating in ALS clinical trials.
A major benefit of plasma creatinine is that it is easy and inexpensive to determine, improving its applicability for international multicentre trials without the need for specific laboratory equipment or invasive cerebrospinal fluid access. It is unlikely that plasma creatinine reflects a pathological process or that it can be used as a pharmacodynamic biomarker, like, for example, SOD1 protein in CSF in a recent clinical trial. 27 It is, therefore, unlikely that plasma creatinine can detect disease activity in very early stages of ALS (ie, re-innervation with preserved muscle mass). Our results reveal that plasma creatinine may have less power to detect a treatment effect than the ALSFRS-R for early phase I/II exploratory trials with follow-up less than 10 months and, due to its biological variability, a higher sampling rate (preferably monthly) would be required ( figure 3A) . Nevertheless, as plasma creatinine is a Neuromuscular strong prognostic factor, it could be used for patient selection, subgroup analysis, as risk stratum or to provide additional insights into therapeutic effects, even for shorter phase I/II trials. The sensitivity of the ALSFRS-R may be improved by separating subdomains; however, this would pose significant difficulties for trial design (ie, specification of primary endpoint, sample size calculation and expectations of treatment effects), which are currently not well investigated. As a final note, the ultimate aim of surrogate biomarkers is to replace the clinical endpoint (mortality). However, a strong association between the marker and the clinical endpoint is, in itself, not enough. For a biomarker to be regarded as a true surrogate outcome, it is vital that any treatment effect at the endpoint is directly reflected in the marker and vice versa. 28 In this study, we showed the strong associations between functional decline, muscle strength and mortality. It is only by prospective use in future trials that one can determine whether plasma creatinine might act as true surrogate outcome and whether it accurately reflects the treatment effect. More importantly, prospective use may overcome possible regulatory hurdles generated by using plasma creatinine as efficacy endpoint.
In conclusion, in this paper we show the feasibility of monitoring ALS disease progression during clinical trials using plasma creatinine levels. Plasma creatinine is an inexpensive and easily accessible marker that exhibits considerably less variability between patients with ALS over time and correlates strongly with survival and functional outcomes. Plasma creatinine can, therefore, potentially increase the power to detect treatment effects and has the potency to serve as surrogate outcome measure in future ALS clinical trials.
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disclaimer Rpave reports no disclosures, MJce reports no disclosures, TaF is an employee of Biogen Idec and hold shares in Biogen Idec, sN reports no disclosures, JV reports no disclosures, Lhvd serves on scientific advisory boards for the prinses Beatrix spierfonds, Thierry Latran Foundation, Biogen Idec and cytokinetics; received an educational grant from Baxter International; serves on the editorial board of amyotrophic Lateral sclerosis and the Journal of Neurology, Neurosurgery and psychiatry; and receives research support from the prinses Beatrix spierfonds, Netherlands aLs Foundation, The european community's health seventh Framework Figure 3 sample size and power calculations for plasma creatinine and the aLsFRs-R. sample size calculations were performed for the aLsFRs-R and plasma creatinine, with varying total follow-up durations (ranging 6-18 months) and with either bimonthly or monthly return visits. all calculations were based on an expected standardised 30% reduction in slope during follow-up, with a two-sided alpha of 5% and power of 90%. For short trials (up to 10 months), the smaller between-patient variability at baseline and relatively faster rate of decline of the aLsFRs-R (see online supplementary eTable 1) resulted in smaller sample sizes. For longer trials (>10 months), sample size calculations for plasma creatinine, when determined in micromoles per litre, resulted in smaller sample sizes due to the lower variability between patients in rate of decline (a). When plasma creatinine levels were determined in micrograms per decilitre, this advantage was lost (B). The utility of plasma creatinine seems higher in spinal-onset patients (c) as compared with bulbar-onset patients (D). aLsFRs-R, amyotrophic lateral sclerosis functional rating scale-revised.
